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Summary
Neuronal plasticity is an important feature of the de-
veloping brain and requires neuronal circuits to re-
configure their functional connectivity depending upon
activity patterns. To explore changes in neuronal
function that occur downstream of altered activity, we
performed an expression analysis in Drosophila mu-
tants with acute or chronic alterations in neuronal ac-
tivity. We find that seizure induction leads to an over-
proliferation of synaptic connections, indicating that
activity-dependent neuronal rewiring occurs in Dro-
sophila. To analyze transcriptional recoding during al-
tered neuronal activity, we performed genome-wide
DNA microarray analysis following multiple seizure
induction and recovery paradigms. Approximately
250 genes implicated in cell adhesion, membrane
excitability, and cellular signaling are differentially
regulated, including the Kek 2 neuronal cell adhesion
protein, which, as we demonstrate, functions as a
regulator of synaptic growth. These data identify a
collection of activity-regulated transcripts that may
link changes in neuronal firing patterns to transcrip-
tion-dependent modulation of brain function, includ-
ing activity-dependent synaptic rewiring.
Introduction
Neurons perform a host of activity-dependent and in-
dependent processes, including pathfinding, synapse
formation, and regulation of membrane excitability and
synaptic strength. Within the basic framework of circuit
function, neurons adapt to changes in innervation pat-
terns and synaptic input via homeostatic compensation
mechanisms that maintain neurotransmission within
appropriate levels of excitation (Turrigiano and Nelson,
2004). Experience also alters neuronal output through
various short- and long-term plastic changes that occur
in the context of learning and memory. Studies of long-
term synaptic plasticity have focused on the activation
of intermediate early genes (IEGs) and the requirement
for CREB-mediated transcriptional regulation for be-
havioral plasticity (Dash et al., 1990; Huang et al., 1994;
Bourtchuladze et al., 1994; Bito et al., 1996; Etter et
al., 2005). However, the downstream target genes that
underlie activity-dependent modification in neuronal
circuits are largely unknown. In addition, the cellular
mechanisms that differentiate homeostatic adaptation*Correspondence: troy@mit.eduto chronic changes in neuronal activity from experi-
ence-driven acute changes are unclear.
Activity-dependent changes in brain function and
connectivity also occur in response to excessive neu-
ronal firing during seizure episodes. Many epilepsy mu-
tants cause specific patterns of secondary neuronal
plasticity changes, including the transcriptional activa-
tion of genes that alter neuronal connectivity or func-
tion (Nedivi et al., 1993; Ben-Ari and Represa, 1990;
Moore et al., 1996). Completion of the Drosophila ge-
nome sequencing has revealed a remarkable conserva-
tion of the elements of neuronal signaling between in-
vertebrates and vertebrates (Littleton and Ganetzky,
2000). Thus, the mechanisms used by Drosophila to
modulate neuronal excitability may be similar in mam-
mals, providing an opportunity to survey seizure mech-
anisms and subsequent transcriptional responses in a
model organism. To this end, we have identified and
characterized Drosophila temperature-sensitive seizure
mutants that increase neuronal excitability. These con-
ditional mutants provide a seizure model for character-
izing genome-wide transcriptional changes that may
underlie long-term modification of neuronal function in
response to activity. Here we describe a phenotypic
characterization and microarray analysis of five inde-
pendent Drosophila temperature-sensitive seizure mu-
tants that increase neuronal activity. In addition, we
have used conditional mutations in the Drosophila so-
dium channel (para) and presynaptic calcium channel
(Dmca1A) to determine the effect of decreased neu-
ronal activity on gene transcription. Together, these ap-
proaches have allowed us to characterize acute and
chronic patterns of activity-regulated gene expression
in the Drosophila brain and identify candidates for ac-
tivity-dependent modulation of neuronal function.
Results
Conditional Induction of Seizure
Activity in Drosophila
To characterize changes in synaptic connectivity and
gene expression induced by alterations in neuronal ac-
tivity, we employed genetic and pharmacological tools
to modify neuronal firing patterns in Drosophila mela-
nogaster. One class of well-characterized conditional
mutations that perturb the function of the nervous sys-
tem in Drosophila comprises the temperature-sensitive
(TS) paralytic mutants (Ganetzky and Wu, 1986). Behav-
ioral paralysis in TS mutants can result from either loss
of neuronal excitability and function or uncontrolled in-
creases in neuronal activity following seizure induc-
tion. In addition, many TS mutants often have defective
neuronal excitability even at permissive temperatures,
which becomes further exacerbated at 38°C, causing
behavioral dysfunction (Zinsmaier et al., 1994; Reickhof
et al., 2003). These mutants provide a tool to address
homeostatic compensation mechanisms that occur in
chronic states of altered membrane excitability.
To identify mutants that induce seizures, we analyzed
Neuron
92previously characterized TS mutants by screening for
recurrent spontaneous neural activity in the adult giant
fiber system at 38°C (Figure 1). The giant fiber flight
circuit is important in escape responses and flight initi-
ation and can be activated by stimulation of the brain,
with extracellular recordings monitoring the firing of the
dorsal longitudinal flight muscles (DLMs). The activa-
tion of the DLM flight muscles reflects the firing rate
of the innervating motor neurons. Wild-type Drosophila
(CS) display little to no detectable spontaneous activity
when the temperature is raised to 38°C (Figure 1A). In
contrast, the previously identified seits1 (Titus et al.,
1997), slots1 (Elkins et al., 1986), and ATPalphaDTS1 (Pal-
ladino et al., 2003) mutants resulted in robust spontane-
ous spiking of the DLM flight muscles when exposed
to nonpermissive temperatures (Figures 1B, 1D, and
1F). This seizure activity was abolished in double mu-
tants containing a TS mutation in para, which disrupts
the α-subunit of the neuronal voltage-gated sodium
channel required for action potential propagation (Lough-
ney et al., 1989) (Figures 1C, 1E, and 1G). To identify
additional seizure mutants for analysis, we conducted
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tFigure 1. Extracellular Recordings from DLM
Flight Muscles of the Indicated Genotypes
(A) CS, (B) seits1, (C) parats1; seits1, (D) ATPal-
phaDTS1/+, (E) parats1; ATPalphaDTS1/+, (F)
slots1, (G) parats1; slots1, (H) sesBjive, (I) zy-
deco, and (J) CS flies exposed to 3 g/vial
of the GABA-A receptor blocker lindane. The
upper trace corresponds to recordings at
20°C; the middle trace, to recordings at
38°C; and the lower trace, to recordings on
recovery at 20°C. (A–J) Scale bar, 10 mV/sec.
(K) Expanded timescale trace (20 ms) show-
ing the waveform of extracellular spikes in
seits1 at 38°C. (L) Schematic diagram of the
mechanisms underlying seizure activity in
the TS mutants. The slots1 mutant is a null
allele in the Slowpoke (Slo) potassium chan-
nel that participates in the repolarization of
presynaptic nerve terminals (Atkinson et al.,
1991). seits1 is a null mutant in an ERG potas-
sium channel that functions in action poten-
tial repolarization (Titus et al., 1997). ATPal-
phaDTS1 is an E982K amino acid change in
the sodium pump that causes temperature-
dependent defects in membrane excitability
(Palladino et al., 2003). sesBjive mutants dis-
rupt the function of the mitochondrial ATP/
ADP transporter, with secondary effects on
membrane excitability and synaptic trans-
mission (Rikhy et al., 2003). parats1 mutants
have the opposite effects on membrane ex-
citability by disrupting the function of the
neuronal sodium channel (Loughney et al.,
1989).ew behavioral screens for TS mutations induced by
thylmethane sulfonate (EMS) in Drosophila (Wang et
l., 2004). Two X-linked TS mutants, jive and zydeco,
howed a robust seizure phenotype (Figures 1H and
I) and were included in our analysis. Recombination
apping localized jive to 1-32, and further deficiency
apping narrowed the locus to 9E. Complementation
ests with known mutants in this interval indicated that
ive is an allele of sesB, which encodes the mitochon-
rial ATP/ADP translocase. Sequence analysis revealed
single amino acid change, L37F, in the ATP/ADP
ranslocase in sesBjive mutants. Disruptions of sesB
unction have been shown to block mitochondrial ATP
ransport and alter synaptic transmission (Rikhy et al.,
003), suggesting that an imbalance between excita-
ion and inhibition may account for seizures in sesBjive
utants. The zydeco locus was recombination and de-
iciency mapped to 20C in X heterochromatin, making
loning of the locus currently unfeasible due to a lack
f genomic sequence information in this region. As
pharmacological method for seizure induction, we
reated CS adults with the GABA(A) receptor blocker,
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15 min of exposure to lindane-treated test tubes, 100%
of flies showed robust and vigorous convulsions and
loss of motor coordination. Similar to the TS mutants
at 38°C, spontaneous seizure activity was observed in
lindane-treated animals at 20°C (Figure 1J).
Because many of the TS mutants previously charac-
terized in Drosophila also alter neuronal function at the
permissive temperature, we examined the effects of
three of the TS seizure mutants on the output of the
central pattern generator (CPG) that controls larval lo-
comotion, by analyzing motor neuron bursting patterns
in dissected third instar larvae with an intact nervous
system. In CS at 21°C, we observed bursts of motor
activity at a frequency of approximately 0.1 Hz, with
burst durations averaging 5 s (Figures 2A and 2B). The
rhythmic pattern of the CPG output is still maintained
in CS shifted to elevated temperatures, with an in-
crease in the burst frequency (Figure 2A). Similar to
what we observed in DLM recordings from adult mu-
tants, shifts to 38°C in seits1, slots1, and zydeco resulted
in a complete loss of CPG-patterned output, with a
conversion of the normal regulated bursting to con-
tinuous seizure activity (Figure 2A). These seizures are
completely eliminated by cutting the nerve, demon-
strating that they arise from abnormal neuronal activity
at 38°C. Strikingly, the opposite effect on neuronal ac-
tivity was observed in seits1, slots1, and zydeco larvae
analyzed at 21°C. In contrast to the enhanced excitabil-
ity at 38°C, all three lines showed a reduction in CPG
burst frequency at 21°C, with motor pattern bursts re-
duced by approximately half compared to those in CS
(seits1, p < 0.0001; slots1, p < 0.0005; zydeco, p < 0.02,
Student’s t test), with no change in burst duration (Fig-
ure 2B). These findings suggest that chronic homeo-
static changes occur during states of enhanced excit-
ability, resulting in a decrease in the output of the CPG
locomotor circuit.
To determine the effects of increased activity on neu-
ronal connectivity, we analyzed synaptic morphology in
the TS seizure mutants following a developmental heat
shock paradigm that shifted animals from 25°C to 37°C
for 75 min twice a day throughout development. As
shown in Figure 2A, shifts to the nonpermissive temper-
ature in third instar mutant larvae result in continuous
seizure activity. We performed immunocytochemistry
on heat-shocked wandering third instar larvae with
anti-Synaptotagmin 1 (Syt 1) antibodies to quantify syn-
apse proliferation at muscle 6/7 neuromuscular junc-
tions. The seizure-inducing paradigm resulted in over-
proliferation of synaptic varicosities by 30%–90% in
mutants compared to controls treated in an identical
manner (Figures 2C–2I), indicating that increased neu-
ronal activity promotes synaptic growth, as has been
reported in other hyperexcitable Drosophila mutants
(Budnik et al., 1990; Zhong and Wu, 2004).
Transcriptional Recoding Following Altered
Neuronal Activity
Both transcriptional and posttranslational mechanisms
are activated by enhanced neuronal activity and con-
tribute to long-term alterations in neuronal connectivity
and function. The extracellular signal-regulated kinase(ERK)/mitogen-activated protein kinase (MAPK) path-
way and the immediate early gene fos have been
shown to be activated following robust increases in
neuronal activity in Drosophila (Hoeffer et al., 2003). We
examined whether similar pathways are activated fol-
lowing temperature-dependent seizures in the TS mu-
tants by looking for sustained phosphorylation of ERK.
We focused our analysis on the sesBjive mutant, as it
showed the most robust activity-dependent synaptic
overproliferation. Western analysis and immunocyto-
chemistry with an antibody specific to activated ERK
(DP-ERK) revealed robust ERK activation in the central
nervous system of sesBjive mutants following our heat
shock paradigm (Figures 3A and 3B), suggesting acti-
vation of the ERK pathway as previously described in
Drosophila (Hoeffer et al., 2003). Likewise, microarray
analysis (see below) revealed upregulation of the Dro-
sophila fos homolog, kayak, following seizure induction
in all of the mutants, suggesting that TS seizure mu-
tants can be used to characterize conserved activity-
dependent transcriptional responses.
To identify transcriptional changes induced by dif-
ferential activity patterns in the Drosophila brain, we
used Affymetrix DNA microarrays to detect differences
in gene expression in the TS mutants and in wild-type
animals treated with lindane. The Affymetrix Drosophila
chip covers most of the estimated 14,000 ORFs pre-
dicted from the Drosophila genome, allowing a survey
of the majority of the genome for activity-regulated
gene expression. For each chip used in our analysis,
we isolated RNA from 600 pooled heads (to enrich for
neuronal transcripts and reduce individual variability in
gene expression) taken from unmated males that had
been separated shortly after eclosion and aged 3 days
at 25°C. We also performed our heat shocks so that the
animals were sacrificed at the same time of day (2:00 to
4:00 p.m.) to reduce circadian-related gene expression
changes. Using age-, sex-, and time-matched controls,
we find that approximately half of the genes on the
microarray are detectable in Drosophila adult heads,
with a significant fraction of the remaining genes falling
just below the detection limit. A sample of expression
levels for relevant subpopulations of neuronally en-
riched genes is shown in Figure 3C. We can detect nu-
merous broadly expressed mRNAs encoding synaptic
vesicle trafficking proteins, ion channels, and synapse
assembly proteins. In addition, we can detect distinct
neurotransmitter subsystems, including glutamatergic,
cholinergic, GABAergic, and dopaminergic transcripts,
as well as glial-specific gene products. However, we
cannot detect many olfactory receptors that are ex-
pressed in single neurons, using our protocols. In addi-
tion, low-abundance transcripts in relevant candidate
plasticity genes like the cell adhesion molecules Fas 2
and Volado are below our detection.
Given that gene expression is temporally regulated
following seizure induction, we employed multiple ex-
perimental conditions to identify distinct phases of ac-
tivity-regulated expression changes. For all experi-
ments, we used CS male Drosophila of the identical
age and rearing/heat shock conditions as controls. We
assayed gene expression changes between control and
TS mutants, and between TS mutants with and without
a heat pulse, using the following paradigms: (1) at room
Neuron
94Figure 2. Synaptic Overgrowth following Seizure Induction in Drosophila
(A) Voltage traces of spontaneous central pattern generator activity recorded from muscle fiber 6 in third instar larval preparations with intact
ventral nerve cords in 1.5 mM extracellular calcium. The number of preparations analyzed at the nonpermissive temperature was: CS (10),
seits1 (5), slots1 (10), and zydeco (7). In several cases, the enhanced firing from the CPG in mutants did not reach constant seizure status,
though bursting frequency was still elevated compared to controls, in which seizure activity was never observed. Continual seizure activity
was observed in 4 of 5 seits1, 5 of 10 slots1, and 6 of 7 zydeco mutant larvae. (B) Quantification of the number of bursts occurring in a 100 s
bin in control and mutants at 21°C is shown in the upper panel. Quantification of burst duration in control and mutants is shown in the lower
panel. seits1, slots1, and zydeco have a statistically significant (seits1, p < 0.0001; slots1, p < 0.0005; and zydeco, p < 0.02; Student’s t test)
reduction in burst frequency compared to CS controls. The number of preparations analyzed at 21°C was: CS (22), seits1 (26), slots1 (29), and
zydeco (16). (C–H) Immunocytochemistry with anti-Syt 1 antibodies of third instar larval 6/7 NMJs at segment A3 following a developmental
37°C heat pulse paradigm (75 min twice a day). The genotypes are: (C) CS, (D) seits1, (E) slots1, (F) sesBjive, (G) ATPalphaDTS1/+, and (H) zydeco.
(I) Quantification of average varicosity number (±SEM) for the indicated genotypes at room temperature or following the developmental 37°C
heat shock paradigm at muscle fibers 6/7. Synaptic staining from 6 to 12 larvae of each genotype was quantified for varicosity number in
segments A3 to A5. Statistical significance (p < 0.05, Student’s t test) is denoted with an asterisk. Error bars represent ±SEM.temperature; (2) 30 min recovery following a 20 min
38°C heat shock pulse; (3) 4 hr recovery following a 20
min 38°C heat shock pulse; (4) 1 hr recovery following
a 5 min 38°C heat shock pulse; (5) 1 hr recovery follow-
ing four separate 5 min 38°C heat shock pulses spaced
1 hr apart; and (6) 24 hr recovery following four sepa-
rate 5 min 38°C heat shock pulses spaced 1 hr apart.
For wild-type animals treated with lindane, we assayed
expression changes following 90 min of drug exposure,
at which point all animals were immobilized following
behavioral seizures. Subsets of the TS mutants were
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ihosen for each analysis, although all mutants were an-
lyzed at room temperature following a 30 min recovery
rom a 20 min 38°C heat shock pulse and compared to
S in duplicate chip analyses (Figure 3D). For probe-
evel expression analysis of the high-density oligonu-
leotide arrays, we used four independent statistical
eans of analysis between control and experimental
amples and required a 0.05% level of statistical signifi-
ance and a 50% or greater change in gene expression.
ur statistical algorithms (see the Supplemental Exper-
mental Procedures in the Supplemental Data available
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95Figure 3. Microrarray Analysis of TS Seizure Mutants
(A) Western analysis of CS or sesBjive third instar larval brain extracts following a developmental 37° heat shock paradigm with antibodies
specific to the active state of ERK or Syt 1. (B) Immunocytochemistry for activated ERK in CS or sesBjive third instar larval brains following a
developmental 37°C heat shock paradigm. The samples were treated identically and imaged with the same confocal settings. (C) Quantifica-
tion of the detection signals by Affymetrix MAS 5.0 software for subsets of neuronal transcripts in control microarray samples. Error bars
represent ±SEM. (D) The comparison matrix used for microarray analysis is shown. We employed a series of heat shocks and recovery times
for each genotype as described in the text. (E) Single comparison of detection signals for the entire gene set of mRNA isolated from two
separate batches of 600 CS heads. MAS 5.0 detection includes abundant genes (red), low-abundance or absent genes (yellow), and genes
that are called present in one sample and absent in the second (blue). The two green lines represent 3- and 5-fold changes in gene expression.
(F) Comparison of genes induced by heat shock alone in control animals (see Table S4).with this article online) included the Affymetrix Microar-
ray Suite MAS 5.0, Student’s t test, the Mann-Whitney
U test, and robust multiarray average (RMA) analysis
with the LPE test (Irizarry et al., 2003).
As seizure activity in the mutants is induced by a
temperature shift, we first established the background
gene expression changes that occur in response to
high-temperature pulses. Experiments using CS flies
with (Figure 3F) or without (Figure 3E) a heat pulse were
compared. The heat pulse paradigm elicited a greater
than 1.5-fold change in gene expression for 38 genes
in Drosophila heads, including heat shock proteins/
chaperones that are expected to be transcriptionally
upregulated (Figure 3F, Table S4). Very few neuronal-
specific genes showed any alteration in transcriptlevels, confirming that heat shock alone does not gen-
erate a significant barrier to the detection of activity-
regulated genes in our TS mutants. A second set of
controls was performed to eliminate metabolic effects
from short-term starvation following heat shock. It was
observed that the TS mutants failed to resume probos-
cis extension for eating/drinking for a significant period
following seizure episodes. We therefore performed
control experiments on CS that were starved for 8 hr
prior to RNA isolation, for comparisons, to reduce this
element of transcriptional regulation from our analysis
(Table S5). A final set of experiments was performed on
two TS mutants that have the opposite effect on neu-
ronal excitability, Dmca1ANT27 and parats1. Both of
these mutants reduce neuronal excitability, either by
Neuron
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N-type calcium channel mutant Dmca1ANT27 (Reickhof
et al., 2003) or by reducing sodium channel function
in the case of parats1 (Loughney et al., 1989). These
experiments allowed us to characterize the effects of
decreased neuronal activity on gene transcription (Ta-
ble S1) and to compare responses to conditions that
enhance neuronal activity (Tables 1 and 2).
Verification of Activity-Regulated Transcripts
in the Drosophila Brain
Several patterns of altered gene expression were ap-
parent in our comparative analysis. First, a specific set
of genes were altered in the TS seizure mutants even
in the absence of a heat shock (Table 1, and see Table
S6 for complete list), while certain genes showed tran-
scriptional changes only after seizure induction (Table
2, see Table S7 for complete list) or in states of reduced
excitability (Table S1). The first class of genes could be
classified into two categories: (1) transcripts altered in
only one mutant background, likely representing spe-
cific compensation or secondary responses to the mu-
tated gene product, and (2) transcripts altered in multi-
ple mutant backgrounds, suggesting involvement in a
broader compensation response to chronic states of
enhanced excitability. To validate the microarray re-
sults, we analyzed a subset of the genes identified by
microarray with semiquantitative RT-PCR (Figure 4).
We chose 25 transcripts for direct quantitative RT-PCR
verification, including upregulated and downregulated
gene products. Of the 25 transcripts assayed, 23 showed
similar changes by quantitative RT-PCR as reported
by the microarrays (Figures 4A–4C; Figures S1 and
S2). Two transcripts (CG3397 and CG11146) were un-
changed by quantitative RT-PCR, indicating a 92% con-
cordance rate between our RT-PCR and microarray re-
sults, based on this smaller sample set. Analysis of the
microarrays revealed a few transcripts that displayed
bidirectional modification by increased or decreased
activity. One such transcript was from the kek 2 locus,
which encodes a leucine-rich repeat (LRR) and immu-
noglobulin (Ig) domain containing NCAM of unknown
function. kek 2 was upregulated in several of the hyper-
excitability mutants and downregulated under condi-
tions of reduced excitability in parats1. To explore this
activity-dependent transcriptional regulation in more
detail, we generated antisera against a recombinant
Kek 2 protein. Western analysis revealed a similar
translational profile for Kek 2, with increased expres-
sion in hyperexcitable sesBjive mutants and reduced ex-
pression in parats1, compared to controls (Figure 4D).
To extend our microarray results, we examined in situ
expression patterns in adult head sections for several
of the transcripts (Figures 4H–4R). flw, a serine/threo-
nine phosphatase, was found to be upregulated in
several seizure mutants, though previous phenotypic
analysis of flw mutants focused on its role in myofibril-
lar organization in the flight muscles. flw was expressed
abundantly throughout the nervous system (Figure 4J),
suggesting that many of the activity-regulated tran-
scripts that we have identified with defined roles in
non-neuronal tissues may also function in the modula-
tion of neuronal plasticity. Similar to flw, the activity-
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tegulated transcripts encoding the potassium-depen-
ent sodium/calcium exchanger Nckx30C (Figure 4I)
nd the Methuselah-like G protein-coupled receptor
GPCR) CG16992 (Figure 4L) were broadly expressed
hroughout the nervous system, suggesting that their
ranscriptional modulation by activity might play gen-
ral roles in altering neuronal function. In contrast to
hese broadly expressed genes, the upregulated Me-
huselah-like GPCR CG13406 (Figure 4M) and the ace-
ylcholinesterase homolog GH05741 (Figure 4N) were
xpressed at low levels in the brain. Other transcripts,
uch as CG1909 (Figure 4K), the Drosophila acetylcho-
ine receptor-anchoring protein homolog of rapsyn, was
bsent from photoreceptors, which use histamine as
heir neurotransmitter, but was abundant in central
rain areas predicted to be cholinergic. For two tran-
cripts, kek 2 and CG3367, we compared expression
atterns between control animals and seits1 hyperexcit-
bility mutants (Figures 4O–4R). kek 2 was present at
ow levels throughout the nervous system of control an-
mals, but was abundant in brains of seits1 mutants, in-
icating that kek 2 is upregulated throughout the ner-
ous system by increased activity, as opposed to a
estricted upregulation in a subset of neurons. Like-
ise, the tandem pore potassium channel CG3367,
hich was specifically found to be upregulated only in
eits1, was expressed broadly in the nervous system of
ontrol animals and upregulated throughout the brain
n seits1.
lasses of Activity-Regulated Transcripts
n Drosophila
o categorize genes that were transcriptionally regu-
ated by chronic (Table 1) or acute (Table 2) increases
n neuronal excitability, we performed a BLAST analysis
or each transcript to identify known homologs and pre-
iously characterized structural domains. The genes
ere then categorized according to known or putative
unctions based upon sequence similarity as indicated
n the tables (see Tables 1 and 2). As a general rule,
ene products with predicted roles in the modulation of
embrane excitability, synaptic transmission, and cell
dhesion were more likely to be transcriptionally regu-
ated in chronic states of altered neuronal activity. In
ontrast, acute alterations in neuronal firing properties
ead to more robust changes in gene products impli-
ated in cell signaling, cytoskeletal regulation, and me-
abolism. Several gene products identified in our micro-
rray screens corresponded to Drosophila homologs of
reviously identified activity-regulated transcripts found
n mammals, including the intermediate early genes fos
nd jun, the CCAAT element binding protein encoded
y c/EBP, the cytoskeletal regulator Arc, and the early
rowth transcription factor Stripe. In addition, we iden-
ified many previously characterized transcripts with
efined roles in the nervous system, but whose regu-
ation by neuronal activity had not been previously
eported. These included regulators of cytoskeletal
unction and synaptic growth, such as Highwire, Fax,
heerio, Bazooka, Trio, Kelch, RacGAP50C, C3G, VAP-
3A, SCAR, and Neurofibromin. Several previously stud-
ed regulators of membrane excitability were also iden-
ified, including the sodium/calcium exchanger Nckx30C,
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CG Designation Gene Name Function Expression Change (Fold Change, p Value)
Membrane Excitability
CG4106 Nckx30C Sodium/calcium exchanger sei (1.8, 0.001), slo (1.7, 0.001), zyd (2.3, 0.004), jive (1.8,
0.001)
CG4894 Ca-alpha1D L-type calcium channel sei (1.7, 0.01), jive (1.9, 0.01)
CG11163 Zinc transporter zyd (2, 0.02), jive (3.5, 0.001)
CG17779 hyperkinetic Potassium channel β subunit sei (1.5, 0.007), slo (1.5, 0.001)
CG3367 TWIK potassium channel sei (4.3, 0.001)
CG13794 Sodium-dependent neurotransmitter jive (2.5, 0.001)
transporter
CG10804 Sodium-dependent neurotransmitter jive (1.7, 0.04)
symporter
CG12295 Calcium channel subunit slo (1.5, 0.02)
CG5670 Atp a Sodium pump sei (−1.9, 0.002), slo (−2.2, 0.001), jive (−2, 0.001)
(HL2687)
CG8585 GH23838 Ih hyperpolarization-activated slo (−2.4, 0.04), zyd (−1.8, 0.05), jive (−2.1, 0.03)
potassium channel
CG18345 trpl Trp-like channel slo (−2.2, 0.001), jive (−1.5, 0.002)
CG4222 T-type calcium channel slo (-2.5, 0.004)
Synaptic Transmission
CG3822 AMPA/kainate-ionotrophic glutamate sei (1.9, 0.001), slo (1.9, 0.01), zyd (3, 0.02), jive (1.7, 0.03)
receptor
CG4726 Sodium-dependent phosphate slo (5.7, 0.03), jive (9.2, 0.001)
cotransporter
CG5014 VAP-33 VAMP-interacting protein slo (3.1, 0.02), jive (2.7, 0.001)
CG1709 Vha-100-1 Synaptic vesicle proton pump 116 slo (2.1, 0.001), DTS1 (1.5, 0.05)
kDa subunit
CG14994 Gad1 Glutamate decarboxylase zyd (1.5, 0.03)
CG4757 GH05741 Acetylcholinesterase homolog sei (−12, 0.001), slo (−1.8, 0.004), zyd (−2.2, 0.001), DTS1
(−2.9, 0.001), jive (−3, 0.001)
CG8533 δ glutamate receptor sei (−2.6, 0.001), slo (−3.3, 0.001), DTS1 (−1.8, 0.003)
CG6625 a SNAP NSF attachment protein slo (−2.3, 0.001), zyd (−2.1, 0.001), jive (−1.9, 0.001)
CG7452 syx17 Syntaxin 17 t-SNARE slo (−1.5, 0.009), jive (−2.4, 0.001)
CG1909 Rapysn homolog zyd (−5.2, 0.001), jive (−1.5, 0.003)
CG2930 GH06717 Neuropeptide transporter slo (−3.9, 0.001), jive (−4.2, 0.001)
CG13795 CG13795 Glycine transporter slo (−4.9, 0.001)
CG17336 Lcch3 GABA receptor slo (−2.2, 0.001)
CG3454 Hdc Histidine decarboxylase zyd (−2, 0.005)
CG12606 nAcRbeta-64B Acetylcholine receptor jive (−1.7, 0.001)
Cell Adhesion
CG15658 Slit-like NCAM homology sei (2.1, 0.004), slo (2.7, 0.002), zyd (2.3, 0.05), jive (2, 0.001)
CG4977 kek2 Neuronal cell adhesion molecule sei (3.9, 0.001), DTS1 (1.8, 0.01), jive (2.5, 0.005)
CG11326 GH27479 Thrombospondin cell adhesion sei (1.8, 0.001), slo (2.3, 0.02), zyd (1.5, 0.007)
protein
CG5888 BG:DS02780.1 Toll-like transmembrane receptor zyd (2.8, 0.03), jive (2.5, 0.001)
CG13506 Ig-containing cell adhesion protein slo (4.8, 0.02)
CG13056 Ig-containing CAM sei (−3, 0.001), slo (−3.1, 0.001), zyd (−2.6, 0.001), jive (−2.6,
0.001)
CG8619 DSCAM neuronal cell adhesion slo (−1.9, 0.007), DTS1 (−2, 0.04)
homolog
CG12199 Kek1-like LRR-containing NCAM slo (−1.7, 0.02), jive (−4.5, 0.001)
Cytoskeletal Dynamics
CG2258 SH3 protein, Nck interactor/N-WASP sei (3.8, 0.001), slo (3.8, 0.004), zyd (1.6, 0.002), DTS1 (2.2,
binding 0.001), jive (1.7, 0.01)
CG5797 Actin binding/formin domain sei (2, 0.001), slo (1.6, 0.02), zyd (1.8, 0.03)
homology protein
CG10954 ARP2/3 protein complex subunit 34 sei (1.7, 0.001), slo (1.9, 0.001), jive (2.1, 0.005)
CG5055 bazooka PDZ-containing protein sei (1.5, 0.008), zyd (1.5, 0.01), jive (1.5, 0.001)
CG12505 arc Activity-regulated cytoskeletal slo (1.8, 0.02), zyd (1.7, 0.005)
protein arc
CG3937 cheerio Filamin homology, binds actin sei (1.9, 0.001), zyd (1.5, 0.001)
CG3259 Microtubule binding protein slo (8.0, 0.01)
CG31352 Actin binding LIM protein sei (2.7, 0.001)
CG7607 Weak homology with unc-89/ slo (2.1, 0.005)
roundabout
CG4609 fax Genetic enhancer of Abl in axonal sei (1.9, 0.001)
pathfinding
CG3637 Cortactin Cytoskeletal organization slo (1.8, 0.001)
(continued)
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CG Designation Gene Name Function Expression Change (Fold Change, p Value)
Cytoskeletal Dynamics
CG13345 RacGAP 50C RacGAP slo (−3.3, 0.001), zyd (−2.6, 0.02), DTS1 (−2.4, 0.002), jive
(−1.5, 0.004)
Cell Signaling
CG6518 inaC Protein kinase C slo (2.6, 0.001), zyd (3.2, 0.001), DTS1 (1.5, 0.001), jive (2.7,
0.001)
CG4795 Calphotin Calcium sequestration protein sei (1.7, 0.001), slo (1.7, 0.02), zyd (1.7, 0.02), jive (1.7, 0.001)
CG2096 flw Serine/threonine phosphatase sei (2.7, 0.001), slo (2.5, 0.006)
CG3126 C3G Guanyl-nucleotide exchange factor sei (2.3, 0.001), slo (1.9, 0.04)
CG3135 Wnt inhibitory factor sei (1.7, 0.001), slo (1.7, 0.01)
CG16992 Methuselah-like G protein-coupled slo (14.1, 0.001)
receptor
CG14297 Protein tyrosine phosphatase slo (9.2, 0.005)
CG16752 G protein-coupled receptor sei (3.5, 0.001)
homology
CG4608 branchless Fibroblast growth factor homolog slo (2.4, 0.02)
CG8639 Cirl Latrotoxin receptor zyd (2, 0.02)
CG17342 Lk6 (LD31983) MAP kinase-activated protein kinase sei (1.7, 0.002)
CG6571 rdgC Calcium-dependent protein sei (1.6, 0.001)
phosphatase
CG8318 Neurofibromin 1 RAS GTPase activator sei (1.5, 0.02)
CG11853 takeout Neuropeptide sei (−17, 0.001), slo (−11, 0.001), zyd (−11, 0.001), DTS1
(−9.2, 0.001), jive (−5.4, 0.001)
CG14167 Insulin receptor ligand sei (−2.9, 0.001), zyd (−4.1, 0.002), DTS1 (−2.1, 0.004), jive
(−9.4, 0.001)
CG13406 Methuselah-like G protein-coupled sei (−9, 0.001), DTS1(−2.6, 0.002)
receptor
CG11869 methuselah-like 8 Methuselah-like G protein-coupled sei (−16.9, 0.002)
receptor
Fold change was calculated by comparing average signals for gene abundance between CS and the indicated genotypes. P values were
determined by Affymetrix MAS 5.0 or S-PLUS 6.2 RMA software analysis packages.the Ih hyperpolarization-activated potassium channel,
the L-type calcium channel, and the sodium pump.
Only a few components of the synaptic vesicle cycle
were found to be activity regulated, including Syt 1 and
α-SNAP. Syt 1 has been previously implicated as the
calcium sensor for synchronous synaptic vesicle fusion
(Yoshihara et al., 2003). Both Syt 1 mRNA (Figure 4F)
and protein (Figure 4G) levels were transiently in-
creased by seizure activity following heat shock in the
seits1 and slots1 mutants, reaching peak expression by
15 min before declining to baseline levels by 4 hr. Inter-
estingly, manipulations of the levels of either Syt 1 (Yo-
shihara and Littleton, 2002; Han et al., 2004) or α-SNAP
(Babcock et al., 2004) have been shown to directly
modulate neurotransmitter release, making these two
genes potential targets for transcriptional regulation to
control synaptic vesicle trafficking. Other predicted sig-
naling proteins with activity-regulated transcripts in-
cluded protein kinase C, adenylate cyclase, multiple
GPCRs, and several components of the MAP Kinase,
EGF, TGFβ, and NF-κB signaling systems. In summary,
activity-dependent changes in gene transcription in
the Drosophila brain encompass numerous classes of
genes, suggesting activity-dependent modulation of
membrane excitability and synaptic transmission, as
well as cytoskeletal architecture and synaptic growth.
Functional Analysis of the Activity-Regulated
Kek 2 Neuronal Cell Adhesion Molecule
at the Neuromuscular Junction
Given the connection between increased neuronal ac-
tivity and synaptic growth observed, we were inter-
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ssted in identifying activity-regulated gene products
hat might contribute to this structural plasticity. As pre-
iously mentioned, our screen uncovered known regu-
ators of synaptic growth in Drosophila, including VAP-
3A, Bazooka, Highwire, and Trio. In addition to these
nown synaptic growth regulators, we also identified
everal members of the Kekkon family of cell adhesion
olecules (CAMs) that were activity regulated in TS sei-
ure mutants, prompting us to test whether they might
unction in regulating synaptic connectivity. The Kek-
on family of CAMs encodes type 1 transmembrane
roteins with extracellular LRR and Ig repeats (Figure
A) and is broadly conserved across evolution from in-
ertebrates to humans (MacLaren et al., 2004), though
heir function is largely unknown. From our microarray
nalysis, the bidirectional regulation of the kek 2 locus
y either increases or decreases in excitability made it
n interesting transcriptional target for potential modu-
ation of synaptic connectivity. Although no genetic ma-
ipulations of kek 2 have been reported, the gene is
bundantly expressed in the developing Drosophila
NS (Musacchio and Perrimon, 1996). Kek 2 contains
PDZ binding motif at the C terminus and can undergo
omotypic and heterotypic adhesion with other mem-
ers of the Kekkon family of cell adhesion proteins
n vitro (MacLaren et al., 2004), suggesting that Kek
roteins might form trans-synaptic cell adhesion com-
lexes that organize additional synaptic components
hrough PDZ-dependent interactions.
To test the effects of upregulation of Kek 2, we gener-
ted UAS-kek 2 transgenic lines and drove overexpres-
ion with the neuronal driver elavC155-Gal4, resulting in
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Expression Change (fold change, p Value versus CS HS; fold
CG Designation Gene Name Function change, p Value versus Mutant RT)
Membrane Excitability
CG1615 ork-1 TWIK potassium channel Lin (−2, 0.01)
Synaptic Transmission
CG3036 Vesicular glutamate transporter sei20#30# (NC; 1.8, 0.001), sei4× (NC; 3, 0.001), jive4x (2.1,
homology 0.03; 2, 0.001), Lin (2, 0.001)
CG3139 syt I Presynaptic calcium sensor sei20#30# (2.2, 0.001; 1.9, 0.001), slo20#30# (2.0, 0.02; 1.6, 0.05)
CG3814 NMDA receptor glutamate binding sei4x (1.9, 0.001; 3.3, 0.02), jive4× (1.7, 0.001; 3.0, 0.01)
subunit
CG11155 AMPA/kainate-like glutamate receptor sei20#30# (1.7, 0.001; NC), zyd20#30# (1.5, 0.005; NC)
CG32848 VAChT Acetylcholine transporter Lin (3.8, 0.2)
Cell Adhesion
CG3705 aay Serine phosphatase implicated in sei4× (NC; 2, 0.001), jive4× (1.6, 0.05; 1.7, 0.01), slo 20#30# (1.9,
axonal guidance 0.05; 2.1, 0.05)
CG5372 aPS5 Integrin α subunit sei24R (10, 0.04; 5.2, 0.02)
CG4383 Semaphorin-like NCAM sei24R (3.7, 0.05; 1.6, 0.06)
CG6490 Ig-containing cell adhesion protein sei24R (3.7, 0.03; 2.1, 0.03)
CG5803 fas3 NCAM sei24R (3, 0.05; 1.9, 0.05)
CG5723 Tenascin EGF-containing cell adhesion protein sei24R (2.3, 0.04; 2.2, 0.05)
major
CG7423 Unc44 axon guidance homolog sei24R (2.2, 0.01; 1.8, 0.001)
Cytoskeletal Dynamics
CG3265 Eb1 Microtubule and APC binding protein sei20#30# (1.6, 0.002; 1.4, 0.37), sei4× (NC; 1.7, 0.001), jive4×
(1.4, 0.07; 1.6, 0.01)
CG7787 MSS4 guanine nucleotide exchange sei24R (2.6, 0.04; NC), jive4× (2.8, 0.003; 1.5, 0.21)
factor
CG14045 PDZ, C2, PH, RhoGEF domains sei24R (2.6, 0.03; 1.5, 0.03), jive4× (1.7, 0.003; NC)
CG9277 b-tubulin Microtubule subunit sei20#30# (1.5, 0.02; 1.3, 0.1), jive4× (NC; 1.6, 0.05)
56D
CG6971 Dynein light chain sei24R (4.9, 0.001; 5.5, 0.05)
CG9041 highwire Synaptic growth regulator Lin (3.6, 0.02)
CG3480 EG:86E4.4 LIN9 homolog sei24R (3.2, 0.001; 2.6, 0.06)
CG9208 trio Guanine nucleotide exchange factor sei24R (2.6, 0.03; 2.2, 0.004)
CG3962 Kelch-like ECH-associated protein Lin (2.4, 0.04)
CG9326 MAGUK protein, potential interactor Lin (2.4, 0.01)
with Veli/LIN7
CG7210 kelch Actin binding protein Lin (1.9, 0.02)
CG4636 SCAR homolog sei24R (1.9, 0.02; 1.7, 0.05)
CG6721 Gap1 RAS P21 protein activator 3 homolog Lin (1.6, 0.04)
(LD27520)
Cell Signaling
CG15509 kayak Drosophila Fos homolog, transcription sei20#30#(2.1, 0.001; 1.7, 0.005), sei4× (1.8, 0.001; 1.7, 0.17),
factor
slo20’30’ (1.6, 0.02; 1.7, 0.05), zyd20’30’(1.6, 0.03; 1.5, 0.05),
Lin (2.0, 0.05)
CG7847 stripe Early growth response transcription Lin (5.1, 0.04), sei24R (1.5, 0.03; NC), sei20#30# (1.7, 0.05; 2,
factor 0.001), sei4× (NC; 2, 0.001)
CG1864 Hr38 NR4 nuclear hormone receptor Lin (4.6, 0.04), sei24R (6.5, 0.006; 2.2, 0.13), sei4× (1.8, 0.05;
2.3, 0.11)
CG1587 crk SH2/SH3-adaptor protein sei20#30# (1.8, 0.001; NC), sei4× (NC; −1.8, 0.001), jive4× (NC;
−1.8, 0.001)
CG17342 Lk6 MAPK-interacting protein kinase sei20#30# (3, 0.001; NC), sei4× (1.4; 0.12; 1.8, 0.001), Lin (2.3,
0.01)
CG7734 shn TGF β pathway transcription factor sei20#30# (1.4, 0.05; 1.6, 0.01), sei4× (NC; 1.5, 0.001),
zyd20#30# (1.5, 0.001; 1.6, 0.05)
CG4355 ia2 Transmembrane receptor tyrosine sei20#30# (2.2, 0.001; NC), sei24R (1.5, 0.001; NC)
phosphatase
CG9985 skittles 1-Phosphatidylinositol-4-phosphate sei24R (2.9, 0.04; 2.1, 0.01), jive4× (2.3, 0.005; 1.9, 0.03)
kinase
CG5848 cactus NF kappa B pathway transcriptional Lin (2, 0.01), sei4× (NC; 1.8, 0.001)
regulator
CG7904 put TGF β receptor kinase sei20#30# (1.6, 0.001; 1.5, 0.05), sei4× (NC; 1.5, 0.001)
CG1210 Pk61C Serine/threonine protein kinase sei20#30# (1.7, 0.001; NC), Lin (1.7, 0.002)
CG13452 AGO2 Argonaute homolog, RNAi silencing sei20#30# (2.1, 0.001; NC), sei24R (1.6, 0.001; 2.7, 0.07)
complex
CG10719 brat Pumilio-interacting translational sei4× (NC; 2, 0.001), jive4× (NC; 1.6, 0.008)
repressor
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Expression Change (fold change, p Value versus CS HS; fold
CG Designation Gene Name Function change, p Value versus Mutant RT)
CG8914 CkIIb2 Casein kinase II sei24R (31.5, 0.02; 4.7, 0.01)
CG5583 Ets98B Ets transcription factor Lin (2.6, 0.01)
CG4354 slbo CCAAT/enhancer binding protein sei24R (2.6, 0.03; 2.2, 0.03)
(c/EBP)
CG4059 ftz-f1 Nuclear hormone receptor sei24R (2.5, 0.04; 2.1, 0.006)
CG4353 hemipterous MAPK kinase sei24R (2.5, 0.05; 1.6, 0.1)
CG2931 Polyadenylated RNA binding protein sei24R (2.4, 0.03; 1.8, 0.04)
CG14396 ret Receptor tyrosine kinase sei24R (2.4, 0.03; 2.1, 0.002)
CG7959 Bgb CBF beta enhancer DNA binding sei24R (2.1, 0.005; NC)
protein
CG4472 Idgf1 Soluble growth factor Lin (2.1, 0.001)
CG7850 puckered JUN kinase phosphatase Lin (1.9, 0.001)
CG6593 pp1a-96A Protein phosphatase 1, catalytic Lin (1.6, 0.05)
subunit
CG2275 Jra Drosophila Jun homolog, transcription Lin (1.6, 0.001)
factor
Fold change was calculated by comparing average signals for gene abundance between heat-shocked CS and the indicated genotypes, and
between heat shock and nonheat shock controls of the same genotype. Statistical significance was determined by Affymetrix MAS 5.0 or
S-PLUS 6.2 RMA software analysis packages. If significance did not reach p < 0.05, no change (NC) is indicated in the table.
Abbreviations: 24R, 24 hr recovery following four separate 5 min 38°C heat pulses spaced 1 hr apart; Lin, Lindane-treated CS animals; 4×, 1
hr recovery following four separate 5 min 38°C heat pulses spaced 1 hr apart; 20#30#, 30 min recovery following a 20 min 38°C heat shock
pulse; 5#60#, 1 hr recovery following a 5 min 38°C heat pulse.a robust increase in Kek 2 protein levels observed by
Western analysis (Figure 5B) and immunocytochemistry
(Figures 5C and 5D). Ectopic expression in the eye
disks where Kek 2 was not normally found confirmed
that our antisera recognized the Kek 2 protein in vivo
(Figures 5C and 5D). In wild-type larvae, endogenous
Kek 2 immunoreactivity was found in a punctate pat-
tern along axonal tracts and at NMJs, with a specific
enrichment in presynaptic terminals (Figure 5G). Fol-
lowing overexpression, Kek 2 was abundant in both
neuronal cell bodies and in the synaptic neuropil of em-
bryos and larvae (Figures 5E and 5H), suggesting that
overexpression also targets the protein to synapses.
When expressed in non-neuronal tissue, Kek 2 was traf-
ficked to the apical surface of polarized cells such as
the salivary gland (Figure 5F). To determine if Kek 2
could target to the postsynaptic compartment as well,
we overexpressed UAS-kek 2 in postsynaptic muscles,
using the Myosin heavy chain (Mhc)-Gal4 promoter.
Similar to presynaptic overexpression at the NMJ, Kek
2 was efficiently targeted to specific subdomains within
the postsynaptic compartment, colocalizing with the
postsynaptic marker Discs Large (Dlg) (Figure 5I). Kek
2-positive puncta did not overlap with the active zone
marker nc82 (Figure 5J), but partially overlapped with
Fas 2-immunoreactivity (Figure 5K), a marker for Dro-
sophila periactive zones. The overlap of Kek 2 immuno-
reactivity with periactive zones, where known regula-
tors of synaptic growth have been previously localized
(Sone et al., 2000; Coyle et al., 2004), suggests that Kek
2 may regulate NMJ morphology through changes in
periactive zone function.
To test the effects of Kek 2 upregulation on synaptic
structure at the NMJ directly, we overexpressed the
protein either presynaptically with the elavC155-Gal4
neuronal driver, postsynaptically with the Mhc-Gal4
muscle driver, or in both compartments using the elav
and Mhc drivers together or a general heat shock-Gal4
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iriver. We then quantified the varicosity number in con-
rol and overexpression strains. Overexpression of Kek
in the presynaptic compartment resulted in a 31%
ecrease in varicosity number (Figures 6A and 6B; p <
.005, Student’s t test), as well as a decrease in axonal
rborization over the muscle surface. In contrast, over-
xpression in the postsynaptic compartment alone
aused only a 10% decrease in varicosity number (Fig-
re 6A). The effects of overexpression of Kek 2 on both
ides of the synapse were tested by driving UAS-kek 2
ith elav-Gal4 and Mhc-Gal4 in the same animal or by
heat shock-Gal4 and a developmental heat shock
aradigm. In both cases (Figures 6A, 6C, and 6D), over-
xpression of Kek 2 on both sides of the synapse
aused a more severe depression of synaptic growth
han that caused by overexpression in only one com-
artment, resulting in a 40%–50% decrease in varicos-
ty number (p < 0.001, Student’s t test). Thus, upregula-
ion of Kek 2 may serve to stabilize synaptic boutons,
educing budding mechanisms that would normally
rive additional synaptic growth.
To extend our studies of the function of the activity-
ependent kek 2 transcript, we employed RNAi to ana-
yze the effect of downregulation on synaptic growth.
e performed RNAi delivery by microinjection of either
ong interfering dsRNAs or short interfering dsRNAs
siRNA) during embryogenesis, and we monitored syn-
ptic growth at the wandering stage of third instar larval
evelopment. As a positive control for long interfering
sRNA, we analyzed the effects of knockdown of VAP-
3A at the NMJ. RNAi inhibition of VAP-33A in embryos
esulted in reduced VAP-33A protein expression by
estern analysis (Figure 6E) and a decrease in varicos-
ty number (Figure 6F), mimicking the reported loss-of-
unction phenotype of VAP-33A mutants (Pennetta et
l., 2002). As a second positive control, we performed
NAi knockdown of syt 1. RNAi-treated animals mim-
cked the behavioral loss-of-function phenotype pre-
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(A–C) Summary gels are shown for semiquantitative RT-PCR confirmation of a subset of the altered gene products. Using duplicate cDNA
libraries for each experiment, the linear range for each gene was determined (n = 3), and expression levels were normalized to endogenous
GADPH1 (see Figures S1 and S2 for details). (A) RT-PCR verification in the seits1 mutant following a 20 min heat shock and 30 min recovery
paradigm. (B) RT-PCR verification in sesBjive or slots1 following a 20 min heat shock and 30 min recovery paradigm. (C) RT-PCR verification of
the indicated genes in the Dmca1ANT27 at room temperature.
(D) Western analysis of CS, sesBjive, and parats1 head extracts probed with anti-Kek 2 and anti-Syntaxin.
(E) Western analysis of CS and slots1 head extracts probed with anti-VAP-33A and anti-Syntaxin.
(F) Summary of average Syt 1 mRNA fold changes in microarrays from CS, seits1, and slots1 mutants at the indicated time points. Error bars
represent ±SEM.
(G) Western analysis of Syt 1 levels in CS, seits1, and slots1 head extracts at the indicated time points before or after heat shock. A representa-
tive blot for slots1 is shown in the upper panel. Quantitative changes in Syt 1 protein levels from two separate experiments are plotted below.
(H–N) In situ hybridization to adult Drosophila CS brain sections with the indicated cRNA probes: (H) negative control using the sense strand
of the Nckx30C RNA probe, (I) Nckx30C, (J) flw, (K) CG1909 (Rapsyn), (L) CG16992, (M) CG13406, and (N) GH05741.
(O–R) In situ hybridizations were processed identically and imaged at the same settings in CS or seits1 brain sections. LP refers to the lobular
plate of the visual system, shown for both genotypes. Both kek 2 (O and P) and CG3367 (Q and R) show greater staining in neuronal cell
bodies (red arrowheads) in seits1, suggesting that increased expression occurs widely throughout the CNS.viously described in syt 1 mutants (Yoshihara and Little-
ton, 2002) and strongly reduced Syt 1 immunoreactivity
at third instar NMJs (Figure 6F). As a negative control,
we injected either buffer alone or double stranded RNA
to the activity-regulated transcript, GH05741, encoding
an acetylcholinesterase homolog that would not be
predicted to be present at glutamatergic NMJs. RNAi-mediated reduction of GH05741 caused no defects at
the NMJ. As expected, RNAi knockdown of Kek 2 re-
duced expression levels of the protein by Western
analysis (Figure 6E). Similar to RNAi-mediated deple-
tion of VAP-33A, reduction in Kek 2 levels caused a
large reduction in varicosity number (p < 0.001, Stu-
dent’s t test) and a significant reduction in the number
Neuron
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(A) Domain structure of the Kek 2 NCAM.
(B) Western analysis of elavC155-Gal4, UAS-kek 2, and elavC155-Gal4; UAS-kek 2 head extracts probed with anti-Kek 2 and anti-Syntaxin.
(C and D) Overexpression of UAS-kek 2 with the elavC155-Gal4 driver results in ectopic expression in the developing eye disk in overexpression
animals (D) compared to control (C). Scale bar, 10 m.
(E) Overxpression of UAS-kek 2 with the elavC155-Gal4 driver in embryos results in strong expression in the developing CNS (arrow), as well
as in salivary glands (arrowhead). Scale bar, 50 m.
(F) Overxpression of UAS-kek 2 in salivary glands results in specific sorting to the apical domain (A, arrowhead) compared to the basolateral
(B) surface. Scale bar, 10 m.
(G) At wild-type third instar NMJs, Kek 2 staining (magenta) is enriched in a punctate pattern within presynaptic terminals surrounded by
postsynaptic anti-DLG (green) staining. Scale bar, 10 m.
(H) Overxpression of UAS-kek 2 in the third instar CNS reveals both synaptic neuropil (arrowhead, colocalization with the nc82 synaptic
marker) and neuronal cell body staining. Scale bar, 20 m.
(I) Kek 2-immunopositive clusters (magenta) within postsynaptic varicosities of Mhc-Gal4; UAS-kek 2 third instars, overlapping with anti-DLG
(green) staining. Scale bar, 10 m.
(J) Kek 2-immunopositive clusters within varicosities of elavC155-Gal4; UAS-kek 2 third instars do not overlap with the active zone marker
anti-nc82 (arrowhead). Scale bar, 2 m.
(K) Kek 2-immunopositive clusters within varicosities of elavC155-Gal4; UAS-kek 2 animals partially overlap with the periactive zone marker
anti-Fas 2 (arrowheads). Scale bar, 2 m.of axonal branches at the muscle 6/7 synapse (p <
0.001, Student’s t test) (Figures 6F–6H). To confirm the
effects of loss of Kek 2, we generated two sequence-
s
s
tpecific siRNA duplex oligonucleotides, together with
crambled controls for both. siRNA-mediated disrup-
ion of Kek 2 efficiently reduced expression of the pro-
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the Activity-Regulated Kek 2 Protein at the
NMJ
(A) Quantification of average varicosity num-
ber for the indicated genotypes at muscle fi-
bers 6/7. Synaptic staining was quantified
from 6 to 12 larvae of each genotype. (B)
Overexpression of Kek 2 with the elavC155-
Gal4 driver results in decreased axonal branch-
ing and reduced bouton number at NMJs.
Scale bar, 20 m. (C) Quantification of average
varicosity number for the indicated geno-
types at muscle fibers 6/7. (D) Overexpres-
sion of Kek 2 with a heat shock-Gal4 driver
results in reduced bouton number at NMJs.
Scale bar, 20 m. (E) The left panel shows a
Western analysis of 48 hr elav-Gal4; UAS-
kek 2 larvae following injection with either
buffer or kek 2 long interfering dsRNA as em-
bryos and probed with anti-Kek 2 and anti-
Syntaxin. The right panel shows Western
analysis of VAP-33A dsRNA-treated animals
as described above. (F) Representative NMJs
at muscle fiber 6/7 from segment A3 were
stained with anti-Syt 1 (green) and rhoda-
mine-phalloidin (magenta). RNAi inhibition of
the indicated genes is shown in the upper
left panels. (G) Varicosity number normalized
to muscle surface area following RNAi inhibi-
tion of the indicated genes from segments
A3 to A5 of third instar larvae. The number
of larvae examined for each RNAi experi-
ment was as follows: buffer (26), VAP-33A
(23), kek 2 (17), and GH05741 (12). The total
number of A3–A5 6/7 NMJs examined were:
buffer (149), VAP-33A (132), kek 2 (89), and
GH05741 (68). (H) Quantification of synapse
branch number (branches including at least
five boutons) following RNAi inhibition of the
indicated genes from segments A3 to A5 of
third instar larvae. (I) Western analysis of 48
hr elav-Gal4; UAS-kek 2 larvae following in-
jection with either buffer, two sequence-spe-
cific kek 2 siRNAs, or two scrambled siRNAs
probed with anti-Kek 2 and anti-Syntaxin. (J)
Quantification of average varicosity number
at muscle fiber 6/7 for CS larvae injected
with the indicated siRNAs. Synaptic staining
from eight animals of each injection was
quantified in segments A3–A5. Error bars
represent ±SEM, *p < 0.005, Student’s t test
for all panels.tein by Western analysis (Figure 6I) and reduced synap-
tic varicosity number (p < 0.001, Student’s t test) (Figure
6J). The reduction in synaptic growth was similar to that
observed following overexpression of Kek 2 (Figures
6A–6D), suggesting that the absolute levels of Kek 2
are important in regulating synaptic varicosity number.
Similar observations have been made following manip-
ulations of the Fas 2 periactive zone NCAM at the NMJ,
where the absolute levels of Fas 2 are essential in regu-
lating synaptic growth (Schuster et al., 1996). In sum-
mary, overexpression and RNAi-mediated disruption of
Kek 2 indicate that it functions as an activity-regulated
modulator of synaptic growth.Discussion
Synaptic modifications that occur downstream of acute
or chronic changes in neuronal activity are one of the
most intensively studied properties of neuronal sys-
tems, although the cellular mechanisms for expression
of such plasticity remains largely unknown. To identify
changes in neuronal function that occur downstream of
altered activity, we performed DNA microarray analyses
using Drosophila mutants that can alter neuronal activ-
ity in both acute and chronic fashion. We took advan-
tage of the altered excitability afforded by a unique col-
lection of TS paralytic and seizure mutations that
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104change neuronal firing properties by altering cellular
excitability. By following changes in gene expression
after numerous seizure induction and recovery para-
digms, we identified over 250 transcripts that show
transcriptional regulation in seizure-inducing mutants.
To reduce individual variability in gene expression
across Drosophila sample populations that were age-,
sex-, and circadian activity-matched, we pooled RNA
from 600 individual heads to assay single microarray
chips. By using only heads, we enriched the sample for
neuronal transcripts and increased the sensitivity of our
assays. However, our analysis, using the Affymetrix
chips, is limited by detection biases associated with
gene abundance. Although we could identify tran-
scripts from a host of different neurotransmitter sub-
types, the microarrays were generally not sensitive
enough to detect olfactory receptors expressed in sin-
gle neurons or low-abundance transcripts with re-
stricted expression patterns. Therefore, our screen is
biased for detecting transcriptional changes in moder-
ate-to-highly-expressed genes that occur in many neu-
rons or for detecting robust increases in low-expres-
sion genes. In addition, a subset of the transcripts
identified in our analysis are likely to be altered inde-
pendent of activity, for example, secondary to other de-
fects occurring in the mutants. Thus, our analysis is not
a full account of activity-dependent transcriptional reg-
ulation in Drosophila, but does provide a large-scale
survey of activity-regulated transcription and a basis
for systematic genetic studies into the mechanisms un-
derlying transcriptional regulation of synaptic plasticity.
Based on our analysis, we can begin to build models
for how transcriptional changes in gene expression
might contribute to acute or chronic states of altered
neuronal activity. As expected, transcriptional upregu-
lation dominated the response to acute changes in
neuronal activity. During chronic states of altered activ-
ity in which homeostatic responses likely dominate, we
observed both transcriptional upregulation and down-
regulation. In response to chronic activity changes, we
uncovered evidence for alterations in both membrane
excitability and synaptic structure. For example, down-
regulation of the Ih hyperpolarization-activated potas-
sium channel observed in many of the seizure mutants
is likely to facilitate burst firing of neurons, leading to
further enhancements in membrane excitability. Simi-
larly, reductions in α-SNAP expression have been shown
to increase quantal content during neurotransmission
(Babcock et al., 2004). Several ion channels were also
directly regulated by chronic changes in activity, includ-
ing novel AMPA-like (CG3822) and δ-class glutamate
receptors (CG8533), the acetylcholine receptor nAcRb-
64B, the GABA receptor Lcch3, and the hyperkinetic-
encoded potassium channel β-subunit. We did not
detect many changes in ion channels following acute
alterations in activity, indicating that such effects are
likely to be more important in homeostatic responses
to chronic alterations in neuronal firing patterns. How-
ever, we did identify acute changes in putative synaptic
vesicle neurotransmitter transporters, including the
acetylcholine transporter VAChT and a putative gluta-
mate transporter, CG3036. Seizure activity also resulted
in the acute upregulation of the synaptic vesicle cal-
cium sensor, Syt 1. Previous studies in Drosophila have
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temonstrated that a 50% reduction in Syt 1 levels re-
uces quantal content by half (Yoshihara and Littleton,
002), while overexpression of Syt 1 in mammals has
een shown to dramatically increase quantal content
Han et al., 2004). Therefore, the expression level of Syt
may act as a control point for synaptic transmission
t mature synapses.
During both chronic and acute alterations in neuronal
xcitability, we observed transcriptional responses that
ould be predicted to alter synaptic structure. Activity-
ependent structural changes have been reported in
everal mammalian plasticity models (Reisman, 1969;
sukahara et al., 1975; Engert and Bonhoeffer, 1999)
nd are thought to contribute to long-lasting changes in
ynaptic function. Our analysis suggests that multiple
ignaling components likely participate in the regula-
ion of synaptic growth. In particular, the VAP-33A
icrotubule binding protein (Pennetta et al., 2002) and
he Kek 2 NCAM provide new transcriptional targets
hat can regulate synaptic structure. Enhanced expres-
ion of VAP-33A was found in multiple Drosophila sei-
ure mutants, and neuronal overexpression of VAP-33A
auses a proliferation of synaptic boutons (Pennetta et
l., 2002), suggesting that VAP-33A-mediated effects
n the microtubule cytoskeleton play important roles in
odifying synaptic growth. Previous studies have di-
ectly implicated modulation of both the microtubule
Roos et al., 2000) and actin (Coyle et al., 2004) cy-
oskeletons in controlling synaptic growth in Drosoph-
la. In addition to VAP-33A, modifiers of the microtubule
ytoskeleton that were found to be transcriptionally
egulated in our analysis included Eb1 and CG3259.
ikewise, multiple regulators of the actin cytoskele-
on were found in our screen, including Kelch, Scar,
G3962, CG2258, CG31352, Cheerio, CG5797, Arc, and
G10954, a component of the ARP 2/3 complex.
Similar to findings in previous studies on the Fas 2
CAM in Drosophila (Schuster et al., 1996), manipula-
ions of the levels of the Kek 2 NCAM were observed to
lter synaptic connectivity. Kek 2 is one of nine proteins
ncoded in the Drosophila proteome that contain both
RR and Ig extracellular domains (termed the LIG fam-
ly). Although members of the LIG superfamily have
een poorly characterized to date, several studies of
ammalian LIG proteins indicate that they may func-
ion in activity-dependent regulation of neuronal struc-
ure. Strikingly, a conserved Kek 2-like mammalian
ember of the LIG family (AMIGO/Alivin) has been shown
o undergo activity-dependent transcriptional regula-
ion and to promote neurite outgrowth (Kuja-Panula et
l., 2003; Ono et al., 2003), suggesting the possibility of
conserved role in activity-dependent modification of
ynaptic connectivity. Although the intracellular signal-
ng pathways disrupted in response to alterations in
ek 2 levels in Drosophila are unknown, it is interesting
o note that the protein contains a PDZ binding motif
t the C terminus and has been previously shown to
ndergo homotypic and heterotypic adhesion with
ther members of the Kekkon family of cell adhesion
roteins (MacLaren et al., 2004). As such, Kek 2 might
lay an organizational role at synapses by forming a
rans-synaptic scaffold that serves to organize addi-
ional PDZ-containing adaptor proteins at periactive
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105zones, similar to the predicted role of the neurexin-neu-
roligin synaptic adhesion complex.
In summary, we have uncovered a robust transcrip-
tional response to altered neuronal activity in Drosoph-
ila. Our findings provide an overview of how tran-
scriptional recoding in neurons may trigger persistent
changes in synaptic function. In addition to the classi-
cal ERK-dependent CREB response, we identified tran-
scriptional responses suggesting that activity-depen-
dent changes in synaptic strength are likely to occur
secondary to alterations in membrane excitability, syn-
aptic transmission, and synaptic structure. The genes
and potential pathways identified in our study provide
the foundation for a systematic genetic analysis of ac-
tivity-dependent transcriptional plasticity in a model
system in which changes in both synaptic structure and
function can be characterized.
Experimental Procedures
Drosophila Genetics and Sequencing
Drosophila melanogaster were cultured on standard medium at
22°C. For sesB sequencing, genomic DNA was isolated from CS
and sesBjive flies, and the sesB locus was PCR amplified and se-
quenced. seits1, slots1, parats1, and ATPalphaDTS1 strains were ob-
tained from Barry Ganetzky (University of Wisconsin). zydeco,
sesBjive, ATPalphaDTS1, parats1, Dmca1ANT27, and seits1 mutants
were placed in the CS genetic background.
Western and Immunocytochemical Analyses
Anti-Syt 1 antibodies (Littleton et al., 1993) were used at 1:1000;
anti-DP-ERK, at 1:200 (Sigma, St. Louis); anti-VAP-33A (provided
by Hugo Bellen), at 1:500; and anti-syntaxin (Developmental
Studies Hybridoma Bank), at 1:1000. Anti-Kek2 antisera were gen-
erated in rabbits to a recombinant protein encompassing the intra-
cellular domain of Kek 2 (Invitrogen) and used at 1: 300. Secondary
antibodies were purchased from Jackson Immunolabs. Visualiza-
tion of HRP was accomplished using a SuperSignal ECL kit
(Pierce).
Electrophysiology
Extracellular field potentials were recorded by placing a sharp
glass electrode containing 3M KCl near the longitudinal flight
muscles after piercing the cuticle, with a reference electrode in the
head. Temperature shifts were performed by heating mounting clay
encompassing the fly to the desired temperature with a Peltier de-
vice. Basal activity was recorded for 2 min at 20°C. Temperature
was then shifted to 38°C for 1 min and returned to 20°C. Electro-
physiological analysis of wandering stage third instar larvae was
performed in Drosophila HL3.1 saline with 1.5 mM CaCl2 (Feng et
al., 2004) at 21°C or 38°C at muscle fiber 6/7 of segments A3 to A5.
For recording the output of central pattern generator activity in
third instar larvae, motor neurons were left intact with the ventral
nerve cord, as previously described (Wang et al., 2004).
Morphological Analysis
Immunostaining was performed on wandering third instar larvae
after rearing at the indicated temperatures. For developmental heat
shocks, flies were allowed to lay eggs for 2 hr at 25°C, and the
adults were then removed. The vials containing eggs were main-
tained at 25°C and heat shocked for 75 min twice a day beginning
at 12 hr after egg-laying. Larvae were dissected in Drosophila
HL3.1 saline and fixed in 4% formaldehyde for 45 min before stain-
ing with anti-Syt 1 (Littleton et al., 1993) antibodies at 1:1000. Im-
munoreactive proteins were visualized on a Zeiss Pascal confocal
microscope using fluorescent secondary antibodies (Molecular
Probes, Chemicon, Jackson Labs). Rhodamine-phalloidin was
used for staining muscles for surface area measurements. Confocal
images were quantified for varicosity number, synapse branch
number (with at least five boutons in each branch), and musclesurface area. Anti-DLG and anti-Fas 2 (Developmental Studies Hy-
bridoma Bank) were used at 1:1000. Anti-nc82 (provided by Alois
Hofbauer) was used at 1:50.
Microarray Analysis
Microarrays were performed with Affymetrix Drosophila GeneChips
using biotinylated cRNA according to the laboratory methods de-
scribed in the Affymetrix GeneChip Expression Analysis Technical
Manual. RNA was isolated from heads of male flies 3 to 4 days
posteclosion at room temperature. All flies were sacrificed between
2:00 and 4:00 p.m. to reduce any circadian-dependent transcrip-
tional changes, and RNA was obtained as described in the Supple-
mental Experimental Procedures. A summary of the expression
level for each gene under every experimental condition based on
Affymetrix detection algorithms (Table S2) and RMA algorithms (Ta-
ble S3) provides a large data-rich resource for analysis by other
investigators using additional rapidly developing microarray tools.
Semiquantitative RT-PCR
PCR primers were made to sequences used in the design of probe
pairs by Affymetrix and the gene ORF. cDNA was diluted into equiv-
alent amounts from 1 g total RNA per 1 l. Reaction samples
were taken from cycles 21–30 to determine linear regions of the
reactions. If linear regions were overlapping, comparisons were
made in those cycles. If linear regions were not overlapping, reac-
tions were run until higher transcription reactions were within linear
cycles. Primers for semiquantitative RT-PCR are indicated in the
Supplemental Experimental Procedures.
In Situ Hybridization to Brain Sections
Dig-11-UTP-labeled antisense and sense RNA probes were pre-
pared using T7 polymerase (Ambion). Adult Drosophila were placed
into collars after CO2 anesthesia and embedded in frozen OCT on
dry ice, after which 16 m tissue sections were collected on a cryo-
stat (Leica) and dried at room temperature for 30 min to 3 hr. The
sections were processed as described (Nighorn et al., 1991) except
for the in situ hybridization temperature (63°C). The list of primers
for making in situ hybridization probes is found in the Supplemental
Experimental Procedures.
dsRNA Interference
Wild-type embryos were collected at stage 5, dechorionated,
mounted on coverslips with double stick tape, and allowed to des-
iccate for 6 min at 18°C. The embryos were covered with halocar-
bon oil and injected with w33 pl of a 1.5 g/l solution of the long
interfering dsRNAs, 50 M of the short interfering dsRNAs (siRNAs)
in injection buffer, or injection buffer alone. Sequences of siRNAs
and primers for making long interfering dsRNA are described in the
Supplemental Experimental Procedures. Following injection, em-
bryos were incubated at 18°C until hatching and transferred to
grape juice agar plates supplemented with yeast paste. Larvae
were allowed to develop to wandering third instar stage at 22°C
and then were processed for immunocytochemistry.
Supplemental Data
Supplemental Data include two figures, seven tables, and Supple-
mental Experimental Procedures and can be found with this article
online at http://www.neuron.org/cgi/content/full/48/1/91/DC1/.
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